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RESEARCH MEMORANDUM

INVESTIGATION OF TURBINES SUITABLE FOR USE IN A TURBOJET ENGINE WITH
HIGH COMPRESSCOR PRESSURE RATIO AND ILOW COMPRESSOR-TIP SPEED
VII - EXPERIMENTAI. PERFORMANCE OF MODIFIED TWO-STAGE TURBINE

By Elmer H. Devison, Donald A. Petrash, and Harold J. Schum

SUMMARY

A high-work-cutput, low-blade-speed, two-staege turbine was experi-
mentally investigated, and the performance of this turbine as designed
was rather poor. On the basls of this previous investigation the tur-
bine was modified to obtain better performaence by closing down the first-
rotor throat area by 10 percent and shrouding the first and second rotors.
A general over-all incregse ln efficiency of approximately 3.5 percentage
points weas obtained.

At equivalent design work and speed the reting and serodynamic effi-
ciencies of the modified turbine were 0.825 and 0.846, respectively. The
meximum rating and aerodynamic efficlencies obtained were (0.875 and 0.906,
respectively. The equivalent weight flows of the original and modified
turbines were within 1 percent of the design value.

A radial survey at equivalent deslign speed znd work showed that the
underturning at the first-rotor outlet and the flow separation near the
tip were eliminated. The efficilencies of both the first and second stages
were improved. However, the radial efficiency distribution of the second
stage of the modified turbine was quite pesked, with low effieiency occur-
ring at both the hub and tip. The survey indicated that the effective
throat ereas of both the second stator and rotor were too large, resulting
in Mach numbers higher than design behind the first rotor and second sta-
tor. The Mach numbers at the outlet of the modified turbine were higher
than design, and the radial distributions of Mach number at both the in-
let and outlet of the second rotor were considerasbly different from design.

INTRODUCTION
The design requirements of turbines to drive single-spool, high-

pressure-ratio, low-blade-tip-speed compressors are being investigated
at the NACA lewis laborstory. A two-stage turbine designed to satisfy
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some of these rather severe design requirements was investigated experi-
mentally, and the results are presented in reference 1. The anticipated
performance of this turbine was not achlieved. The rating efficlency at
equivalent design work and speed was 0.79, whereas the design efficiency
was approximately 0.86. Surveys behind the blede rows of this turblne
at equivalent-design work and speed revealed that: (1) the effective
throat area of the first rotor was too large; (2) a region of high loss
and severe underturning existed st the tip of the first rotor (a similar
but less severe underturning was noted near the tip of the second rotor);
and (3) considersble underturning over most of the blade height existed
at the second-stator outlet. In addition, large tangential components
of velocity were measured at the turbine outlet, which amounted to 2.5
percentage points in turbine efficiliency at equivalent design work and
speed..

In reference 1l a number of modifications were suggested which might
improve the performsnce of the turbine by approximating the design flow
conditions more closely. Some of these modifications (first-rotor throat
area reduced, Pirst and second rotors shrouded) were made, and the per-
formence of this modified turbine wes obtained. This report presents the
over-all performence and design-point survey results obtained for this
modified turbine. This investigation, as in reference 1, was conducted
at a constant inlet total (stagnation) pressure of 35 inches of mercury
absolute and an inlet total temperature of 700° R.

SYMBOLS
E enthalpy drop (based on measured torgue), Btu/lb
M Mach number based on local veloclty of sound
N rotational speed, rpm
o) static pressure, 1b/sq ft
D! total (stasgnation) pressure, lb/sq £t
pi reting totel pressure, static pressure plus velocity pressure
corresponding to axlel component of velocity, lb/sq ft
Tt totel (stagnation) temperature, °R
w welght flow, 1b/sec
LA

— 8 welght-flow parameter based on equivalent weight flow and equiv-
alent rotor speed, (l‘b)(rev)/sec2

o gbsolute flow angle, measured from axial direction (positive in
direction of blade rotation), deg

CHITY
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Y ratio of specific heats

S ratio of inlet total pressure to NACA standard sea-level pressure
of 2116 1b/sq ft

Te
(Ye + 1)Te_
T —
& function of 1, L
Te Tsz
Y., -1
g1 + 1 =t
(22—
1 aerodynamic efficiency, ratio of actual turbine work (based on

torque measurements) to idesl turbine work (based on exit
pressure pé)

serodynamic efficiency based on measured total temperature

i

Ny reting efficiency, ratio of actuasl turbine work (based on torque
measurements) to ideal turbine work (based on exit pressure
1
X,5
Oer squared ratio of critical velocity at NACA standerd sea-~level
tempersture of 518.7° R
T torque, ft-1b
Subscripts:
e engine operating conditions
sl NACA standard sea-level condlitions
v absolute (relative to turbine casing)
0,1,
2,3, instrumentation stations (see fig. 2)
4,5

APPARATUS
Test Installation

The experimental setup of the turbine shown in figure 1 was the same
a8 in reference 1. Briefly, some of the main features of this setup are:
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The alr weight flow was measured by a submerged A.S.M.E. flange-tap flat-
plate orifice and heated by meesns of two commercial Jet-englne burners;
the turbine power output was gbsorbed by two 5000-horsepower dynamometers
connected in tandem; and the turbine torque output was measured by mesns
of an NACA balanced-dilaphragm thrustmeter. '

Instrumentation

With the exception of the survey probes the instrumentation was the
same as in reference 1. The instrumentation stations and the measurements
taken at these statlons are shown in figure 2.

For the survey, the probe shown in figure 3(a) was used to obtain
the radial varistions of total (stagnatiom) pressure, total temperature,
end flow angle. The probe had & spike-type thermocouple installed Jjust
gbove the total-pressure and angle measuring tubes. This permitted nearly
point values of total pressure, total temperature, and flow angle to be
measured simultanecusly. These probes were later replaced with statlic-
pressure wedges (fig. 3(b)) in order to obtain the radial static-pressure
varistions. oo ' T T o T -

Turbine

The two-stage turbine was designed for the followling conditions:

Turbine Turbine equiv-

design alent design

condltions | conditions
Work, Btu/lb 131 32.25
Weight flow, 1lb/sec 158 39.65
Rotative speed, rpm 6100 3027
Inlet temperature, °R 2160 518.7
Inlet pressure, in. Hg sbs 248.3 29.92

A schematic dlagram of the geometry employed in the turbine is shown In
figure 2.

METHODS AND PROCEDURE

The turbine was operated with a measured inlet pressure pé of ap-
proximately 35 inches of mercury absolute end an linlet temperature Té

of 700° R for equivalent rotative speeds of 20, 40, 60, 70, 80, S0, 100,
110, 120, and 130 percent of the design value. A range of rating pressure
ratio pi/pi 5 from 1.4 to 4.0 was investigated.

>
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The method used to convert turbine test conditions to equivalent
opergting conditions based on NACA stendard sea-level conditions is the
same as used in reference 1 and 1s described in reference 2. The equiv-
elent work output and brake internal efficiency for the over-all perform-
ance are based on measured torque velues.

The over-all turbine performance rating based on the calculated out-
let pressure p% 5 charges the turbine for the energy of the tangential
2

component of outlet velocity. The methods used to calculate the outlet

pressure p’! and inlet pressure p! are the same as in reference 1.
X,5 1

The outlet pressure pé was obtained by arithmetically averaging the

readings obtained from the five shielded total-pressure probes at station
5. The methods of handling and correcting the other messurements are
also the same as 1n reference 1 except for the statlic-pressure wedges.

As a substitution for s Mach number. correction, the radial distributions
obtained from the wedges were shifted such that the wedge values near the
hub agreed with those obtained from the hub wall static taps shown in
figure 2.

TURBINE MODIFICATIONS

The previous investigation (ref. 1)} revealed that both the first
stator and rotor were choked at equivalent design work and speed. With
the first stator and rotor choked, an estimate of the required reduction
in rotor throat area can be made, if the actual and desired tangential
components of velocity st the entrance to the first rotor are known.

(The characteristics of successively choked blade rows are discussed in
detail in ref. 3.) The desired tangential velocity waes obtained from the
design velocity disgrams, and an estimate of the actual tangential veloc-
ity obtained in reference 1 was made from the survey data. On the basis
of the difference between these two tangential velocities, it was esti-
meted that the rotor throat ares would have to be reduced by 10 percent
in order to get the desired entrance tangential velocity. Becsuse there
should be a decrease in the total-pressure loss to the rotor throat as a
result of the Ilmproved flow conditions, it is difficult to cslculate ex-
actly the required rotor-throat-srea reduction. The 10-percent decrease
in rotor throat aree was obtained by changing the stagger angle of the
blade profiles used in reference 1.

In eddition to the throst-ares modificetion, the first rotor was
shrouded by shrinking & steel band over the blade tips. This band did
not reduce the annular flow area of the rotor bledes, since it was con-
tained within the recess of the outer shroud as shown in figure 2. How-
ever, it probebly 41d reduce the effective rotor throat ares to some ex-
tent, but the actuael reduction wes difficult to estimate. It was assumed
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that a reduction in the effective throst area slightly greater than that "
regulred to obtain design conditions would be more desirseble than the
reverge sltuation. Too small an area would result in greater reaction
across the blade row and possibly improve the underturned tip flow ob-
served previously (ref. 1). The shroud itself was also tc improve the
tip flow of the rotor, although there was no solid foundastion for heliev-
ing that this would be done.

Because the survey data were not too detailed or extensive, 1t was
difficult to determine with any degree of accuracy the modifications re-
quired of the second stator and rotor in order to more nearly obtain the
design flow conditions. In addition, the modifications required of the
second stator and rotor would be influenced by the flow changes resulting
from the first-rotor modificatlons. Modification of the second stator
would probably alsoc require a redesign of the blade profiles, which, be-
cause of the effort involved, was not considered expedient until better
first-stage performance could he demonstrated. For this investigation,
therefore, neither the profiles nor the stagger angles of the second
stator and rotor were modified. The second-stage rotor, however, was
shrouded in the same manner as the first rotor in an effort to improve
its tip performence. ’

P 4N 4

RESULTS AND DISCUSSION
Over-All Performance

The over-all performance of the turbine rated on the same bhasls as
in reference 1 is presented in figure 4(a), where equivalent work is

Plotted agsinst the flow parameter %55 € for constant values of equilv-

elent speed and rating pressure ratio pi/pé 5° In addition, contours of
2

constant brake internsl efficiency based on pi/p; g are shown.
>

At equivalent design work and speed, an efficiency of (0.825 was ob-
tained at a rating pressure ratioc of 3.74. This efficiency 1s 3.5 per-
centage pointe higher than previously obtalined in reference 1. The maxi-
mum efficiency obtalned was (0.875 occurring et 130 percent of eguivelent
design speed and & wérk output of 34.5 Btu per pound, corresponding to a
rating pressure ratioc of 3.8. This maximum effliclency 18 alsc 3.5 per-~
centage polints higher than previously obtained in reference 1. The gross
effect then of the modifications to the turbine was to ralse the genersal
level of the turbine efficiency based on pi/p; 5 by approximately 3.5

>

percentage points.

When evaluating a turbine as part of a jet engine, the turbine ef- o
ficiency based on pi/pi 5 is of the most iInterest, because this effi- -
3

ciency charges the turbine with the energy of the tangential velocity
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legving the turbine. Rating the turbine on the over-all pressure ratio
pi/pé, however, evaluastes the turbine on the basis of its serodynamic

performence without regard to its egpplication. The difference between
these two ratings is then s measure of the energy of the tangential ve-
locity leaving the turbine. In order to present a more complete evalua-
tion of the turbine performance, therefore, a performance mep with the
efficiencies of the turbine based on the pressure ratio pi/pé is pre-

gented in figure 4(b). This figure is the same as Pigure 4(a) except
that lines of pi/pé rather than pi/pé 5 are shown, and the efficien-
2

cles presented are based on pi/pé.

At equivalent design work and speed, an efficiency of 0.846 is now
obtained at s pi/pé of 3.6 (fig. 4(b)). This efficiency is 2 percentsge

points higher than the efficiency based on pi/p; 5 The maximum effi-
J

ciency is now 0.908 occurring at 130 percent of equivalent design speed
and =z work output of 35.8 Btu per pound, corresponding to a pressure
ratio pi/pé of 3.8. This efficiency is 3 percentage points higher

than the previous meximum efficilency based on Pi/Pi,S and occurs at &
higher work output. The dlfferences in the efficiency based on pi/pé
and Pi/Pi,S show that the tangential velocities at the turbine outlet
are considerably higher than design.

The variation of equivalent welght fiow with rating pressure ratio
for the equivalent speeds investigated is shown in figure 5(a). The val-
ue for equivalent design welght flow is indicated on the weight-flow
ordinate. At equivalent design speed and the rating pressure ratio
(3.74) corresponding to equivalent design work, the turbine welght flow
was 0.6 percent greater than the design welght flow. The weight flow st
equivalent design work and speed for the original turbine (ref. 1) was
about 1 percent greater than the design weight flow.

In addition to this slight reduction in welght flow, the choking
characteristics of the turbine have been chenged by the modificatlons.
Previously, the choking welght flow, Indicated when the curves have a
zero slope, was the same for all speeds, showing that the first stator
choked prior to any other blade row and controlled the weight flow passed
by the turbine. From figure 5(a) it is seen for the modified turbine
that the choking equivalent welght flow decreases with an increase in
speed above the design speed. This shows that above design speed some
blede row downstream of the first stator chokes initially and limits the
welght flow. More detalls on the choking characteristics of the turbine
are given in the next section.
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The variation of equivalent torque with rating pressure ratio for
the equivalent speeds investigated is shown in figure 5(b}. Pressure
ratios across the turblne great enough to achieve limiting~loading were
not obtaingble. Limiting-loading 1s defined, for any given speed, as
the point at which a further increase in pressure ratio does not produce
an incresse in torque.

Axial Static-Pressure Distribution

The static-pressure distributions at the hubs of the blades plotted
against pi/pi 5 for 100 and 130 percent equivalent design speed are
J

shown in figure 6. The static pressure at each station has been dlvided
by the inlet total pressure in order to minimize the effect of the small
fluctuations in inlet totsl pressure encountered while testing the
turbine.

Figure 6 aids in determining the order of choking in the individual
blede rows. Choking in a blade row is indlcated when the static pressure
at the entrance remains constant, while the static pressure at the exit
decreases as the over-all total-pressure ratio 1s increased. Based on
this criterion, figure 6(a) for equivalent design speed showe that the
blade rows choke successively starting with the first rotor as the over-

all pressure ratio increases. The weight-flow curves presented previously

in figure 5(a§ indicated that the first stator choked initislly at this
speed, but this 1s difficult to verify from figure 6(a), because the
change in slope from negative to zero at station 1, indicating that the
first stator chokes, is not very pronounced. The decrease 1n flow area
between the entrance of the first stator and its throat 1s large. Con-
sequently, the Mach number and static-pressure changes at the entrance
to the stator are small, making this static-pressure varlation a poor
criterion of choking in this blade row. It is also interesting to note
from figure 6(a) that the reaction across the second stator, indicated
by the static-pressure difference between statlons 3 and 4, is very small
over most of the range of over-all pressure ratio pi/p; 5 and is even
)

negetive for over-all pressure ratios from 2.8 to 3.4.

The weight-flow curves presented previously in figure 5(a) showed
that some blade row downstream of the first stator chokes initially for
equivalent speeds greater than design (i.e., the first stator does not
choke). In order to show the choking characteristics in this range of
speed, the static-pressure distributions at 130 percent of equivalent
design speed have been presented in figure 6(b). Using the same choking
criterion as before, it is seen that the blade rows choke successlively
starting with the first rotor as the over-all pressure ratic increases.
It can also be noted that the reaction across the second stator (between
stations 3 and 4) has been increased.

1 4

15484
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The axial static-pressure distribution through the turbine at equiv-
alent design speed snd work is compared in figure 7 with the design dis-
tribution and the distribution obteined previously (ref. 1). Thie fig-
ure shows that the static-pressure distribution for the modified turbine
is much closer to the design distribution than that for the originsl tur-
bine. The reaction across the firet rotor Is now a little greater than
design, but the resction across the second stator 1s less than design.
The static pressure at the exit of the turbine agein had to be lowered
to less than the design value in order to cobtain the design work, but the
reduction was not as great.

Design-Point Survey

As previously mentioned, the over-sll increase in efficlency result-
ing from the turbine modifications was approximately 3.5 percentage points
of efficiency. Some of the Internal-flow conditions of this modified tur-
bine, which help to explaln this improved performance, are shown in fig-
ures 8 to 11. These results are compared with the design values and,
where possible, to those obtained with the original version of the tur-
bine (ref. 1). Both the original esnd modified turbine surveys were made
at equivalent design work and speed.

The radisl distributlons of ebsolute flow angle obtained are shown
in figure 8 with the design distributions and those previously obtained.
Figure 8 shows that the greatest change in flow angle, as expected, oc-
curred st the first-rotor outlet.(statlon 3). Flow angles more negative
then design are now obtained at the first-rotor outlet, and the severe de-
fect near the tip has been practically eliminsted. The underturning at the
second-stator outlet (station 4) still exists. At the exit of the turbine
(second-rotor ocutlet, stetion 5), the turning is less than previous over
most of the blade height but stlll greater than design. The flow is more
nearly exial a8 a result of the incressed efficiency at equivalent design
work and speed.

The radisl variations in temperature drop between stations 1 and 3
(first stage), stations 3 and 5 (second stage), and stations 1 end 5
(over-all) are shown in figure 9. The effect of the improvement in flow-
angle distribution behind the first rotor noted in figure 8 1s reflected
in an improved work distribution for the first stage. From flgure 9 it
can be seen that the drop in work output near the tip of the first stage
is less severe than in the original version. The distribution for the
second stage has also been changed, but whether or not it is an improve-
ment is difficult to determine., The over-all distribution is better and
reflects the improvement made 1n the first-stage distribution. The tem-
perature differences shown were obtained from the rakes previously de-
scribed. It was considered more valid to compare these distributions
with those obtained with the original turbine (ref. 1), becsuse the orig-
inal temperature distributions were also obtalned with the same rskes.
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Even using the pame rakes for comparison purposes, however, may glve -
slightly erroneous results, slnce the internal-flow patterns have been
changed by the turbine modifications. In addition, as a result of the
circumferential verlations and hecause precise interstage measurements -
cannot be obitained, the survey results can only be used as a general 1ln-
dication of performance changes. For example, an error of only 1° in

the temperatures at stations 3 and 5 can result in as much as a 4-
percentage~point difference 1n efficlency for the second stage, because

the temperature drop scross this stage is quite small. The distributions
obtained with the probes shown in figure 3(a) were much the same as those
obtained with the rakes, but the levels were Gifferent. The probes in-

dicated a higher level of work output in the first stage than did the

rekes and, consequently, a lower level in the second stage.

C¥TY

The radial variations in the stage and over-all efficlencies are
shown in figure 10. The region of very poor performance nesr the tip of
the first stage has been eliminated. It can alsc he seen that, in gen-
eral, the level of the second-stage efficiency is higher than the orig-
inal. The improved flow angles into the second stator probably pleyed
a mzjor role in this improvement. The distribution of the second-stage
efficiency i1s quite peasked for the modified turbine, whereas the original
was approximately constant over a good portlion of the radisl length. The
over-all efficlency was higher over the entire radiasl length with the -
largest improvement in the tip region again reflecting the Improvement
mede in the first-stage tip flow. It might be well to point out at this
point that the effect the shrouds played In improving the flow conditions
cennot be determined from these survey results.

The redisl varistions of the gbsolute Mach number at the varlous
meesuring stations are shown in figure 11. Values for the original tur-~
bine are not presented, because the static-pressure measurements needed
for calculeting the Masch number were not obtained in the survey of the
original turbine. It should also bpe pointed ocut that the Mach numbers
shown in figure 11 may be somewhat in error, because an approximete Mach
number correctlon was applied to the static-pressure measurements ob-~
tained from the probes for the modified turbine. The total-pressure
probes also probesbly did not read truly representatlive total pressures
at the ocutlets of the blade rows. However, the Mach numbers shown in
figure 1l represent the best estimate possible at present of the radial
Mach number distributions in the turbine and are considered fairly rep-
resentative. They indicate that the average Mach number at station 2 is
gt approximately the design velue, but that the radlial distribution i1se
slightly different than design. The Mach numbers at stations 3 and 4 are
higher than design, indicating that the effective throat areas of both
the second stator and rotor are too large. In reference 1 this was antlc- -
ipated, and no sttempt was mede in modifying the turbine to correct for
it. The reason for not modifying these last two blade rows was discussed
previously. It can also be seen from figure 11 that the distribution at
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station 4 is quite different from the design distribution, and, as a re-
sult, more positive reaction exists across the second stator over most
of the blade height than was indicated by the statlc-pressure dlistribu-
tions shown in figure 7. The Mach numbers at station 5 were, of course,
higher than design in order to obtaln the design work at a rating effi-
clency less than design. The radiel distribution of Mach number at sta-
tion 5 1s also consldersbly different from design.

SUMMARY OF RESULTS

A high-~work-output, low-blade-speed, two-stage turbine was experi-
mentally investigated. The performance of this turblne as designed was
rather poor and has been investigated previously. The performence of a
modified version of this turbine is presented herein and compared to that
of the original version. The pertinent results are as Ffollows:

1. Closing down the first-rotor throat ares by 10 percent and shroud-
ing the first and second rotors resulted in a general over-all increase in
efficiency of approximately 3.5 percentage points.

2. At equivalent design work and speed, the rating efficiency of the
modlfied turbine wes 0.825, and the aerodynamic efficlency was 0.846.
The meximm rating and serodynemlic efficlencies obtained were 0.875 and
0.9068, respectively.

3. The equivelent weight flows of both the origlinel and modified
turbines were within 1 percent of the design value.

4, The choking characteristics of the turbine were changed slightly
by the modifications. In the original turbine the first stator choked
initially at all speeds investigated. The modiflied turbine choked Ini-
tially in the first stator below equivelent design speed and in the first
rotor gbove equivalent design speed. In general, the other blade rows
choked successively after the initial choking as the over-all pressure
ratio was Increased.

5. The axial static-pressure distribution through the turbine was
mich closer to deslign for the modlfied turbine than for the orlginal
turbine.

The pertinent results noted from the radial surveys made behind
blade rows at equivelent design work and speed are as follows:

1. The underturning at the outlet of the first rotor and the flow
separgtion near the tip were eliminsted by closing down and shrouding
thls blede row. The efficiency of the first stage was improved by this
modification.
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2. A genersl improvement of the second-stage efficlency alsc occur-
red. The radial efficiency distribution for the second stage of the
modified turbine was, however, quite peaked with low efficiency occurring
at both the hub and tip.

3. The Mach numbers at the outlets of the first rotor and second
stator were consideregbly higher than deslign for the modified turbine in-
dicating that the effective throat sreas of both the second stator and
rotor were too large.

4. The Mach numbers at the outlet of the modified turbine were higher
than design in order to cobtain the design work at a rating efficlency less
than design.

5. The radial distributions of Mach number at both the inlet and out-
let of the second rotor of the modlified turblne were considerably differ-
ent than design.

Lewis Flight Propulsion Leboratory
National Advisory Committee for Aeronsumtics
Cleveland, Ohio, August 15, 1956

REFERENCES

1. Davison, Elmer H., Schum, Harold J., and Petrash, Donald A.: Investi-
gation of Turbines Suitable for Use in a Turbojet Englne with High
Compressor Pressure Ratico and Low Compressor-Tip 8peed. VI - Ex-
perimental Performence of Two-Stage Turbine. NACA RM ES56EC4, 1856.

Z2. Rebeske, John J., Jr., Berkey, Willlam E., and Forrette, Robert E.:
Over-All Performence of J35-A-23 Two-Stage Turbine. NACA RM ES51E22,
1951.

3. English, Robert E., and Cavicchl, Richard H.: One-Dimensional Analysis
of Choked-Flow Turbines. NACA Rep. 1127, 1853. (Supersedes NACA TN
2810.)

¥y



NACA RM ES56H14a “SEg 13

4143

B '
EF;'“ Turbine

Figure 1. - Installatlon of turbine in full-scale turbine-component test facility.
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Figure 4. - Over-all performence of turblne. Turbine-inlet presaure, 35 1nchea of mercury absolute;
turhine-inlet temparature, 700° B; equivalemt design speed, 3027 rpm.

, e s YLy

9T

BYTHISH W VOVE




CE-3 4143

[ ] [
40 T 1 1
Maximum aerodynamic
efficlency, 0.906
56 1210 130/ |
uivalent desi 1 5.8
woric and speed—sn 12,——‘ E:;: 31
Equivalent o 100 E;";L_:" 3.2
32 rotor —t =] ] :
o speed - l’r—l"'JS.Q
,"\‘ N/ ap? 80 ] B/‘,’ Agi/'—/ /
3 peroent T A
m o8 deslgn P P 2,8
n =7 7 >y
&
&’f 'm// . il 4 './
W ot 60 | /kf /¥ / { 2.4
89 Sy fanr
E’ y e - I L1 / 188y
g 7T 4 B Il o i---_ —
£ 20 /’/ LAl 4 L1, o
/ 2.0
S ,f4/ L] £ 7 ’ I ]
.E &0/ [P ] 4 / [ ’ J-’ "J
19| 18 7 / Vi ’ ) el 1.6
~ PN [+ = 4 -
5 A 1LY LA y 4 / / -] f /
& f’ e /'! i 7 i P g -
# 12 l,/-‘{_"“/ - -;3" ,1 (.Bf/‘ ,l/l 1-6
L1 = Over-all total-
- ,/',// /] el j Z/ // 7/-‘ - 7 press;:ppz:atio,
|t B
. //,‘&/ 4—{‘___.—-' 80 .84 .8 1.4
A7 L0
. L 60
T80 Aerodynemlc effioifnov. n .
L | | 1 |
300 400 BOO 800 1000 1200 1400 1600 1,800 2000 2200 2400 2600 2800

wN
Weight-flow paremeter, gggt, (1b)(rev)/sec?
(b) Aerodynsmic efficlency bamism.

Figure 4. - Concluded. Over-all performance of turbine. Turbine-inlet pressure, 35 inchea of marcury
absolute; turbine-inlet temperature, 700° R; equivalent design speed, 3027 rpm.

BFIHOSE WI VIVN

LT




18 =3 NACA RM ES6Hl4a

SFLY |

Tl | A /?:;% TE= =
N/ i
NI /lil;

/

Equivalent rotor n
speed, N//Tcr,
percent design o

20 )
40 ] v

\
-

Equivalent welght flow,
&

e

——‘\\\

VANNFZ><4oO0

[=)

owm~Mm

L= 1-2=)

I

33

|
y

1.2 1.6 2.0 2.4 2.8 3.2 3.6 4.0 4.4
Over-all rating total-pressure ratlo, pi/pi 5
»

{(a) Equivalent weight flow.

Figure 5. -~ Variation of equivalent weight flow and equivalent torque with rating
total-pressure ratio for velues of constant equivalent rotor speed.



NACA RM ES56Hl4s e 19

speed, N/A/G..,

perceny design

3~ /0/0/
~H 4400 1‘5;7/ E}””"’c]
oo 4D
. ¥l A | | T |,
,§ 3600 ):/ ‘/y/ /X -
;'; ):‘/ ,(/6 A /,A/ /A/’ N
o ¥ AN A VA Lt |
AV/AV.S 45 drE e
] vt 2800 [ / //// - i /4/ =
S A L
) é 2400 / / / //"//// v //’/
i AN A
LS VAV VA8 %l
N INLE
/ }; / //a / ) § ) / Equivalent rotor

/7
/

1200

=]
T~
N
AN
\7\\

51\1
[~
N
N4
N
vANNP PO 00
2ss

800 /)/7{

» 1.2 1.6 2.0 2.4 2.8 3.2 3.6 4.0 4.
Over-all rating total-pressure ratio, pi/bi 5
>

(b) Equivalent torque.

Flgure 5. - Concluded. Varliation of equivalent weight flow and equivalent torque
wlth rating total-pressure ratio for values of constant equivalent rotor speed.



1,00
O
.90
| Beatioa
.80 Q O 1 (First-stator iulet)
' g 2 (FMrst-stator mn:l.-?)
'QH \ 5 (Mrsb-Totor outlet
s \ £ § iy -
FSEELNANN Priseee
) N
§ \\\
oS
£ 80 ~
P
i1 \\.x\ Pl .
-
|4
L N - .
» " 7
L [:1 {1
g a0 > %}%
Firat
é [~ ™~ rotor
- |
0 N
"“-.___ il
ond,
a0 \7‘4 "vgur
‘\__1
1 '\
1.2 1.4 1.6 1.8 2.0 2.2 2.4 2,8 2.5 5.0 5.2 5.4 k.8 3.3 .0 1.8

Onn.-nlll rating total-preasprs retie, pi/p:l[‘.
{a) Bquivalent spesd, 100 perosab desigo.

Figure 6. - Variation of static presmore at hub with over-all rating total-pressure ratio at different
dngtrumentation stations for 100 and 130 percent squivalent design speeds.

CFTH

02

SPTHOST WY VOVN




) . i * 4143
1.00
.30
Station ’ L
-8 O 1 (Pirst-stator inlast)
- g 2 {Firsi-ptator outlet)
r 3 {Mrat-rotor outlet) Firat
Y 7 4 {Becond-statar outlst) stator |
- A 5 (Ssoond-rotor outlet)
»
.70
:
o ng
R ~J
I N
2 'w\ |
% > - a
L mEy
: sol \:‘0\ \
I < = =
o ~al ""\ ‘Y\ Firat
)
ot
§ 0 L S a4
] ] ol
E \\1,_\\ \P"\\ *‘-o______
[ ——)]
50 2 e Q < S::gm:
] a or
] ] 7 d
[—al,_ " )
[—— nd
3 N }g;:gl,
. 2.0 2.2 2.4 3.0 3.2 3.4 3.8 5.8 4,0 4.2

{b) Equivalent spsed, 130 parcant da

Flgure 8. - Conoluded. Variation of mtatio pressure et kub with over-all ratin
tion stations far 100 and 150 pargent equivalept design mpeads.

2.8 2.8
Over-a1l rating totel-pressure ratio, p]'_/p;: B
r

sign.
g tetal-pressure ratlo at differesnt instrumenta-

]

BY¥THISH WH VOVH

12



22

Ratlio of static to inlet total pressure, p/pi

WP, NACA RM ESEHl4a

CFLY

— — —— Design
.9 Original turbine
—_—— = —— Modifiled turbine

\\

@

3
/“.
-/’
/

o
[o7]

'S )
/':-:

// /
/

N
N\
3 N N
° \ P~
z \‘:EE
%- —_—
Q.\
2 S~
\
I Flirat . First | Second Second
sta.tl',or i rotor " | stalor © rotclxr
.1 | 1
1 2 3 4 S L4
Station
Flgure 7. - Comparison of axial statice-pressure distribution -

for original and modified furblnes at equivalent design
work and speed with design distributlion.



Absolute flow =sngle, <, deg

80

=80

414:34.

Firat-stetor outlet First-rotaer outlst Seoond-stator outlet Second-rotor cutlet
| _ _(station 2) (atation 3) (ptation 4) (station §)
| 5 ol= e
| / ~— A
— — —— Design
- ———— Original turblne
— — — Modified turblne /\ /
7 iy
Vo
r /
i —
A
Hub Tip Hub Tip Hub Tip Hub Tip
0O 20 40 60 80 100 O 20 40 60 80 100 O 20 40 &0 A0 100 O 20 40 80 80 100

Figure 8. - Radlal distribution of absolute flow angle measured from axial at design speed and work.

Pergent smmular area

BYIHSSE WY VOVH

¢a



1

A’I’i_3

Work parsmeter,

.21

.17

&

o
@

| I
First stage
Nt
NP \

[Hub

Tip

20

40 60 80 100

ﬁork parameter,

! !

Becond stage

I
I ]
- — Deslgn

Original turbine |
— e —— Modified turbine

A\

Bub

Tip

0

20 40 60 80
Percent annular area

100

.30 | I
Over-all
.26 % _% —
. N
|- AN
£
5 .22
j
A
g .18
Hub Tip
L] 1‘
0 20 40 60 80 100

Figure 9. - Radial variations of stage and over-all work parameter at design speed and work.

15446 4

v2

BYTHIOSH W VOVN




Efficlency, M

M1 I

L Original turbine
| — Modified turbine

1.00

Firgt stage Becond stage Over-all
— / h -
u// "‘\ﬂn AR |l My e
L = \ "
/ [ A s A )
J/ b
.B0 /
/ \
A Hub Tip Hub Tip Hub Tip
«40
0 20 40 60 80 100 0 20 40 60 80 100 0 20 40 €0 80 100

Percent annular area

Figure 10. ~ Radlial varlations of stege and over-all eerodynemic efficiency at design speed mnd work,

BYIHISH W VOVE

14



Abaolute Mach number, M,

"eA ‘PlaTT AITHUNT - YOYN

93

1,24

li‘i':'lst:-s'tm;or-I outlét Fi;-st-r'otor 'outleiz Second—;;ator' outlét Setlzond:raor'crutlét
(station 2) (station 3) (station 4) (station 5)
—_—
"‘-..__.V. .._\ |
1.0 ., e~ =\ P
\l o ﬁ_‘/
\\ ‘_’
]
— ~ — Design \ T~ _ﬂL
Bf— —-— Modified D S \ T o
turbine ~ —— :t
o

/ el

Ve

. A 111
sEmus

Hub Tip Hub Tip Hub Tip Hub

0 20 40 60 B8 100 O 20 40 80 80 100 O 20 40 B0 80 100 O 20 40 60 80
Percent annular area

Figure 11. - Radial disatribution of absolute Mach mumber at deslign speed and work.

T LA y e

BYTHISHE W VOVN




T e

1176 01436 1035




